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Abstract 
This paper introduces a method to manipulate stored charge density and polarity in anodic aluminium oxide (AAO) for silicon 
solar cell passivation. The method involves the use of a pulse current source to anodise aluminium layers instead of the typically 
used constant current/voltage source, with the test structures experiencing positive and negative cycles periodically. By tuning 
the positive cycle percentage, it is demonstrated that the effective stored charge can be manipulated in a range from -5.2×1011 to 
2.5×1012 q/cm2 when the AAO is formed over a thin silicon dioxide layer. Photoconductance decay measurements on 
symmetrical n-type test structures with ~ 150 /Ƒ boron-diffused surfaces were used to estimate the recombination current 
density associated with the diffused surface (Jop+), which was then correlated to the stored charge. As the effective stored charge 
changed from positive towards negative values, the Jop+ was reduced from 210 fA/cm2 to 100 fA/cm2. The stored charge in 
various test structures was monitored constantly to study the stability. It was found that the positive stored charge deteriorated 
with time while the negative charge was relatively stable. 
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1. Introduction 
High quality surface passivation is crucial for high efficiency silicon solar cells and is becoming more critical as 
cells are fabricated on thinner wafers [1]. The commonly-used passivating dielectrics such as silicon nitride (SiNx) 
and aluminium oxide (Al2O3) are capable of providing surface passivation for silicon wafers due to the high quality 
field effect passivation induced by the fixed charge in the dielectric [2-5]. Silicon nitride stores a positive charge, 
which enables effective passivation on n+ surfaces of p-type silicon solar cells. It is also known to provide 
substantial bulk passivation due to its hydrogen content. However, the SiNx can compromise the passivation on p+ 
surfaces as the positive stored charge increases the minority carrier density at the surface [5], and may result in 
parasitic shunting when applied to p-type surfaces with localized contacts [6]. For these reasons, the negatively-
charged Al2O3 is favourable for the passivation of p+ silicon surfaces.  
The selectivity of field effect passivation on silicon surfaces motivates the manipulation of stored charge in 
passivating dielectrics. Terlinden et al. [7] have demonstrated  effective stored charge densities (Qeff) ranging from 
í6×1012 to 7×1011 q/cm2 in Al2O3/SiO2 dielectric stacks on silicon by varying the SiO2 interlayer thickness, where 
the thin dielectric films were produced by atomic layer deposition (ALD). The manipulation of the stored charge in 
the negative range requires very accurate control of the SiO2 thickness below 10 nm, which can be difficult to 
achieve in mass production. Weber et al. [8] have achieved negatively-charged SiNx using a corona discharge 
method, with an effective stored charge density in the order of -1× 1012 q/cm2, which provides excellent surface 
passivation on p-type surfaces. However, no control over the amount of stored charge was demonstrated. 
In this paper, we report the use of pulse anodisation to form anodic aluminium oxide (AAO) layers over thin 
thermally-grown SiO2 layers with different stored charge density and polarity. By tuning the positive cycle 
percentage (fp) of the anodisation current, both positive and negative Qeff can be achieved with mid-gap defect 
density (Dit) of ~ 6×1011 cm-2eV-1. Parallel passivation experiments using symmetrically-diffused n-type test 
structures reveal a reduction in recombination in the ~ 150 /Ƒ boron diffused surface layers when the Qeff was 
changed from being positive to negative.  
2. Experimental 
2.1. Metal-insulator-semiconductor (MIS) test structures  
Double-side polished 5-10 ·cm p-type Czochralski (Cz) silicon wafers were used to fabricate MIS capacitors 
containing AAO/SiO2 as the gate dielectric. The wafers were first RCA-cleaned, and then oxidised at 950 qC for 18 
min to form a SiO2 layer with thickness of ~17 nm. The relatively thick SiO2 interlayer was used here to prevent 
delamination of the AAO layer from the silicon substrate during the anodization process [9]. Aluminium layers with 
thicknesses ranging from 20 nm to 300 nm were thermally-evaporated onto the SiO2 surface of the wafers. 
Anodization of the aluminium layers was carried out by immersing the test structures in 0.5 M sulphuric acid. 
During the anodization, the test structures act as a working electrode and a nickel plate as a counter electrode (see 
Fig. 1a). A potentiostat from Ivium Technologies (model IviumStat.XRe) was used to generate a pulsed current to 
anodize the aluminium layers. The pulsed current density had a magnitude of 2 mA/cm2 and a polarity that changed 
periodically. In the experiments reported here, the stored charge manipulation in AAO/SiO2 stacks was achieved by 
tuning fp, which was defined as the ratio between the positive cycle duration and the cycle length. A cycle length of 
10 s was used in all experiments. Figure 1 (b) shows an example of a current waveform in which fp = 50%.  
After anodization, aluminium was deposited through a shadow mask onto the AAO surface to form gate contacts 
with an area of 0.04 cm2. Ohmic contacts were formed on the other surface of the wafers by first removing the SiO2 
and then evaporating aluminium onto the silicon. A forming gas anneal at 400 qC for 15 min was performed to 
reduce recombination-active defects created by the anodization process and to ensure good ohmic contacts. Both 
high frequency (1 MHz) and quasi-static capacitance-voltage (C-V) measurements were performed to determine the 
Qeff and Dit. The MIS test structures were kept in atmosphere at room temperature and constantly monitored to study 
the stability.  
 
818   Zhong Lu et al. /  Energy Procedia  77 ( 2015 )  816 – 821 
(a) (b) 
Fig. 1. (a) Schematic diagram of the apparatus used to form  AAO (i.e., anodize aluminium); and (b) an example of a pulsed anodisation current 
waveform. 
2.2. Boron-diffused symmetrical test structures 
Samples used for passivation tests were 4 inch round, Cz n-type, 5-10  cm silicon wafers, with the saw damage 
removed by etching in 30 % (w/v) NaOH. The silicon wafers were subsequently RCA-cleaned, followed by a boron 
diffusion to form symmetrically-diffused surfaces with sheet resistivity of ~ 150 /Ƒ. A thermal oxidation at 950 qC 
for 18 min was performed to grow a 17 nm SiO2 layer. Aluminium layers with thickness of ~ 300 nm were 
deposited onto both surfaces. The aluminium was anodized as described in Section 2.1, with the exception that a 4 
mA/cm2 current density was used due to the larger anodization areas. The fp was varied from 50% to 100% to 
investigate its impact on surface passivation. Photoconductance decay (PCD) measurements were performed to 
estimate the recombination parameter, J0p+, which was used as a measure of the surface passivation quality of the 
AAO/SiO2 stacks.  
3. Results 
3.1. Demonstration of stored charge manipulation 
In the C-V measurements, the MIS test structures with AAO formed at different fp values show a significant shift 
in the flatband voltages, indicating changes in Qeff with fp. Figure 1 graphs the Qeff as a function of fp for the 
AAO/SiO2 stacks with different AAO thicknesses. It shows that for the MIS structure with a 50 nm AAO layer, 
varying fp could only change the magnitude of Qeff but not the polarity. However for the MIS structures with thicker 
AAO (280 and 400 nm), decreasing fp resulted in a reduced magnitude of positive charge, and for low fp values 
(fp<50%) a net negative charge was attained. It should be noted that the magnitudes of the achieved negative Qeff 
values were similar in all cases, indicating the presence of limiting factors other than fp and AAO thickness. The 
SiO2 interlayer, for example, was found to have a strong impact on the limiting Qeff range. By reducing the SiO2 
thickness from 17 to 12 nm, Qeff values ranging from –5.2 × 1011 to 2.5 × 1012 q/cm2 were achieved. Since the Qeff 
was calculated from the flatband voltage shift, assuming all stored charge located at the SiO2/Si interface, it is 
possible that the observed change in Qeff values may be only due to the change of stored charge distribution instead 
of actual change in the amount of charge. Further investigation about stored charge distribution at different fp is 
required to understand the mechanism of the Qeff manipulation.  
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Fig. 2. The Qeff as a function of fp for samples with AAO thicknesses of 50 nm (Ŷ), 280 nm (ż) and 400 nm (¨) on a 17 nm SiO2 layer. 
3.2. Passivation of boron-diffused surfaces using AAO/SiO2 stacks  
To investigate the effects of fp on AAO passivation, the J0p+ of the symmetrical lifetime test structures with a 400 
nm AAO layer over a 17 nm SiO2 layer was graphed as a function of fp in Fig. 3 (a). With decreasing fp, the J0p+ also 
decreased, reaching a value of 100 fA/cm2 when fp was 80%. Figure 3 (b) shows the Qeff and Dit, measured from the 
MIS structures fabricated with the same SiO2 and AAO thickness as the lifetime test structures, graphed as a 
function of fp. In this case however, the surfaces were not boron-diffused. It can be observed that Qeff decreased with 
decreasing fp while the Dit showed only small changes over the range of fp values examined. The fact that J0p+ 
followed the same trend as the Qeff with varying fp suggests that the charge-induced field effect passivation has a 
dominant impact on minimising the surface recombination in these test structures. The higher J0p+ with positive Qeff 
can be explained by the enhanced recombination when positive stored charges exist at the dielectric/silicon interface 
to attract minority carriers to the surface [5]. Reference test structures, with the same boron-diffused surfaces 
passivated by atmospheric pressure chemical vapour deposition (APCVD) Al2O3, have a low J0p+ value of ~23 
fA/cm2. Given that the Dit for both groups are comparable, this lower J0p+ value is at least partially due to the higher 
negative Qeff in the APCVD Al2O3 ( ~ í4.9 × 1012 q/cm2) [10]. 
  
Fig. 3. (a)  The value of J0p+ estimated for the lifetime test structures with 400 nm AAO as a function of fp; (b) Qeff and Dit as a function of fp 
measured from the MIS structures fabricated with the same SiO2 and AAO thickness. 
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3.3. Stability of the AAO/SiO2 stored charge 
Selected test structures were constantly monitored to study the stability of the stored charge. The Qeff of MIS 
structures with positive stored charge steadily declined in the first ten months after fabrication (Fig. 4a). One 
explanation for this is that during the positive anodisation, the test structures undergo a DC stress that introduces 
positive interface-trapped charges at the dielectric interface, which are unstable and dissipate with time. This 
explanation is supported by the fact that samples annealed in oxygen ambient show lower Qeff values and improved 
stability, which is most likely due to the removal of interface trapped charges by the passivation of the dangling Al-
O bonds [11].  
Most of the MIS structures with negative Qeff were relatively stable over the period examined (Fig. 4b). This 
indicates that the unstable interface-charge is not dominant in the total stored charge and thus no significant 
degradation can be observed. One exception is the test structure fabricated at fp = 30%; it showed a similar 
degradation to that observed for the samples with positive Qeff in Fig. 4a. It should be noted that the pulse 
anodisation at fp = 30% requires a much longer anodisation time and this prolonged anodisation may also induce the 
unstable interface damages. In fact, some of the test structures synthesized at fp values lower than 30% even resulted 
in a positive Qeff. This finding suggests that it is not feasible to further reduce the fp value below 30% as it would 
result in excessive interface damages and unstable stored charge. 
 
Fig. 4. (a)  Stability of the positive Qeff over time for test structures fabricated at different fp; (b) stability of the negative Qeff over time for test 
structures (all at fp = 100%) with different AAO thicknesses 
4. Summary 
The described pulsed anodisation method demonstrates that passivation layers having controllable stored charge 
density and polarity can be formed using a relatively simple and low-cost method. It is shown that the passivation 
quality of the AAO dielectric stack on boron-diffused emitters is, to a large extent, determined by the stored charge, 
indicating the possibility of using pulse anodisation to optimise store charge in passivation layers to accommodate 
complex emitter designs. The negative Qeff of test structures was relatively stable; however, further investigation is 
required to understand the reasons for the unstable positive Qeff and to improve the overall stability. 
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